This work presents a MEMS-based image stabilizer applied for anti-shaking function in photographic cell phones. The proposed stabilizer is designed as a two-axis decoupling XY stage 1.4 × 1.4 × 0.1 mm 3 in size, and adequately strong to suspend an image sensor for anti-shaking photographic function. This stabilizer is fabricated by complex fabrication processes, including inductively coupled plasma (ICP) processes and flip-chip bonding technique. Based on the special designs of a hollow handle layer and a corresponding wire-bonding assisted holder, electrical signals of the suspended image sensor can be successfully sent out with 32 signal springs without incurring damage during wire-bonding packaging. The longest calculated traveling distance of the stabilizer is 25 μm which is sufficient to resolve the anti-shaking problem in a three-megapixel image sensor. Accordingly, the applied voltage for the 25 μm moving distance is 38 V. Moreover, the resonant frequency of the actuating device with the image sensor is 1.123 kHz.
Introduction
In this work, the feasibility of a variety of applications of a MEMS-based (micro-electro-mechanical system) XY stage has been studied. Additionally, the stage has been manufactured using the micro/nano fabrication process based on the advantages of device miniaturization to realize highly precise systems [1] . In terms of the driving function of the MEMS-based XY stage, a comb-drive actuator has a very important role in optical applications [2] [3] [4] [5] [6] [7] and the probe positioning system [8] because it is easily controlled, and has highly precise position control and low power consumption. The electrostatic XY stage has been widely applied for scanning probe microscopy (SPM) probes [9, 10] , data storage [11] [12] [13] and nano-position control [1, [14] [15] [16] .
The photographic function has an increasingly significant role in cell phone applications. Due to consumer demand for an increased number of pixels, many novel photographic functions such as digital single-lens-reflex (DSLR) are embedded in commercial cell phones. Anti-shake technology is among the many new technologies developed for mobile phones. An increase in the number of pixels has increased undesirable image blurring caused by a photographer's shaking hands. The image stabilization function is a popular solution that resolves this problem [17] . Among the familiar image stabilization techniques are lens shifting [18] , charge coupled device (CCD) shifting [19] and signal processing [20] .
Signal processing is a conventional anti-shaking technique used in mobile phones. Although signal processing requires no additional hardware and does not interfere with system module miniaturization, reliable performance depends markedly on the algorithm used. Given the demand for device miniaturization, the lens-shifting anti-shaking approach is insufficient as adding a movable lens causes nonlinearity in control that must be compensated for by a complex control algorithm. Although the method of CCD-shifting requires an actuating system associated with the image sensor, image sensor shifting does not adversely affect miniaturization. Additionally, system slimming is better than the lens-shifting method [17] . Suspended microstructures in a MEMS device can be moved precisely and integrated with microelectronic circuits monolithically on a chip [21] . The XY stage with the CCD-shifting method is appropriate as an image stabilizer to miniaturize the camera module in cell phones. This work describes a novel MEMS-based two-dimensional (2D) decoupling actuator that functions as an image stabilizer in the CCD-shifting stage. The main goal of this research is to identify a new fabrication process that downscales the image stabilizer in existing cameras that can be used in portable photographic devices such cell phones and watches. The design of a MEMS-based image stabilizer that is suitable for cell phones with a threemegapixel camera requires an actuator that can move at least 25 μm away from the structure [17] , has a sufficiently strong structure that can withstand the load of a 6.36 × 6.24 × 0.1 mm 3 image sensor and is decoupled in two dimensions when driven in a single direction or in two directions. Therefore, a structure with a high aspect ratio and 100 μm thick silicon springs and comb fingers is designed. Four decoupling springs are the main suspended and decoupling structures bonded onto a three-megapixel image sensor. This device is manufactured using a special Si-based anisotropic etching process that includes double-side lithography, three inductively coupled plasma (ICP) etching processes and flip-chip bonding. This actuator is designed as an image stabilizer that has the same weight as a 6.36 × 6.24 mm 2 three-megapixel image sensor. Considering the electrical connections in an image sensor, 32 decoupling signal springs are used as the output routing. Based on the design of a wire-bonding assistive holder (WBAH), the image sensor can bond with the suspended image stabilizer and with a 32-signal output stage. The 25 μm displacement is achieved when driven in a moving direction with a 45 dc voltage and an excellent vertical decoupling effect occurs.
Concept and structure design
The proposed MEMS-based image stabilizer focuses on designing a 2D decoupling actuator that can carry a threemegapixel image stabilizer that compensates for image blurring caused by shaking hands while taking a photograph. The design of the XY stage is as follows.
Structure design of the XY stage
The proposed image stabilizer is designed to achieve an excellent decoupling effect with a suitable device size for suspending the image sensor while considering the signal output. To achieve the anti-shaking function, this device must be designed to have a decoupling structure that compensates for pixels blurred by shaking hands without an additional deviation in another direction. Figure 1(a) shows a simple schematic diagram of the proposed decoupling structure. When a force F x acts in a single-direction decoupling structure, only a displacement x occurs, which is parallel to the driving force, and is almost without additional displacement in another direction. Figure 3(b) shows a simplified diagram of the operation of the proposed decoupling XY stage when different forces are applied in the x-and ydirections. According to the decoupling design, displacements in the x-and y-directions are x and y, respectively, with perfect mechanical isolation between the two orthogonal driving directions. The proposed design differs from that of the familiar single-crystal silicon symmetrical and decoupled (SYMDC) micro gyroscope structure [22] in terms of anchor location. The inner anchor conceals the device driving part under the image sensor and effectively reduces device size such that it can be implanted into cell phones.
To suspend a 6.36 × 6.24 × 0.1 mm 3 image sensor, the actuator is designed and fabricated with a device thickness of 100 μm, accompanied by a large stiffness effect between the z-direction and the x-or y-directions separately. For the image sensor signal output, circuit routing must be patterned on the device layer. The design of the signal routing springs and pads ensures that the electrical connections are working. The routing springs and intermediary pad design have an electrical connection with cell phone circuits by bonding twice from the image sensor pad to the electrical routing pad and from the electrical routing pad to the PCB output pad. Figure 2 schematically depicts the design of the entire device. According to this kinematic design (figure 1), one primary decoupling beam and three pairs of folded springs of various sizes are designed separately in each direction to satisfy decoupling requirements. The designed inner comb finger pairs and anchors miniaturize the device such that it can be embedded in a cell phone. The outer comb-driven finger pairs are designed as assisted driving components to reduce driving voltage for circuit integration in a cell phone module. The outer comb-driven assisted finger pairs are connected to the main structure by four folded springs. All comb-driven actuators are designed in a pull-only driving manner and are located in the X+, X−, Y+ and Y− directions individually. To design symmetrical springs, electrical routings must have a balanced layout as well as eight signal output springs and pads in each direction. The signal output springs are as thin as possible to ensure that they have a small stiffness value with a minimal impact on the entire spring. The electrical potentials between the structure and signal output are separated due to the design of the isolation layers and contact windows.
Operating principles of the electrostatic comb-drive actuator
The proposed image stabilizer is driven by electrostatic forces. Figure 3 shows a simple schematic diagram of the comb-driven model [23] . When voltage is supplied, electrostatic force F is generated; the formula for the relationship between the driving force and attached voltage can be expressed as
where C is the capacitance between the stator and the rotor, V is the applied electrical potential, d is the gap displacement, t is the thickness, n is the number of fingers, ε r is relative permittivity and ε o is permittivity in air. For simplicity, we assume that the image stabilizer follows Hooke's law; therefore, the force F s is supplied along the x-direction and the related equation is
where k x-system is the equivalent spring stiffness in the xdirection and x is the moving displacement. Integrating equations (1) and (2) yields equation (3):
Via equation (3), one can maximize the thickness/gap aspect ratio of the comb structure and minimize the gap and k x-system .
Design and estimation of spring stiffness
The proposed XY stage has several suspension beams (figure 4(a)). Based on the main actuating device, the decoupling beams and suspension beams are respectively designed as flexure beams and folded beams. Figure 4 (a) schematically depicts the decoupling and suspended structures. The suspension beams are composed of outside folded beams, inside folded beams, and inside-assisted folded beams. Figure 4 schematically depicts the suspended structures. In considering the decoupling flexure beams ( figure 4(b) ), stiffness in the lateral and axis directions can be expressed as
where [24] as follows:
where k x folded beam and k y folded beam are the stiffness of the folded flexure beam in the lateral direction and axis direction, respectively; E f is Young's modulus of the decoupling flexure beam; and L f , b f and h f are the length, width and thickness of the decoupling flexure beam, respectively. The stiffness ratio of the folded beams can be expressed as
The total stiffness of the main suspension beam of the XY stage in the x-and y-directions can be expressed as k x system = 2k x decoupling beam + 2k x outside folded beam + 2k x inside folded beam + 2k x inside assisted folded beam (8) k y system = 2k y decoupling beam + 2k y outside folded beam + 2k y inside folded beam + 2k y inside assisted folded beam Additionally, the stiffness ratio of the proposed image stabilizer can be expressed as 
According to the specifications of the proposed image stabilizer (table 1) , the system stiffness ratio of the proposed image stabilizer can be determined and simulated as 2.12 × 10 6 .
Design and evaluation of range of motion of the decoupling XY stage
Most commercially available photographic cell phones have a camera with a capacity of two or three megapixels, but lack an anti-shaking function. Notably, small movements while taking a picture cause image blurring. Figure 5 shows the relationship between the number of blurred pixels and the angle of shaking hands. When a camera moves through an angle dθ on the horizontal plane, the number of blurred pixels can be represented as
where θ L is the horizontal angle and P H is the total number of horizontal blurred pixels. Low-cost cameras typically have an angular field of view of 35-45
• . When individuals take pictures using a camera with a three-megapixel image sensor and a 45
• field of view [25] , experimental results indicate that a maximum horizontal drift of 0.08
• occurs in 2 s when hands are shaking. This work adopts the Micron MT9T012 image sensor with three megapixels (2056 × 1544 pixels); the image sensor is bonded to the designed device. From equation (10) , each pixel corresponds to a horizontal angle of 0.022
• . Therefore, the number of horizontal blurred pixels is approximately 3.7. Since each pixel of the MT9T012 image sensor is 2.2 × 2.2 μm 2 , the XY stage must have a range of motion of at least 8.14 μm to facilitate the adjustment of a blurred image. Given that many commercially available cameras have ×3 zoomin and zoom-out functions, the range of motion must be three times greater than 24.42 μm. The anti-shaking function requires a moving range in the vertical direction of a driven force of <2.2 μm (1 pixel size). This finding implies that the decoupling ratio of the x displacement to the y displacement must exceed 11.1.
System modeling and FEA simulation
This work elucidates and models the decoupling effect, stiffness and natural frequency of the proposed image stabilizer by developing and simulating a decoupling actuator using IntelliSuite 8.2. During static simulation, this software simulates the moving distance in plane and the coupled mechanical interference of the image stabilizer in each orthogonal direction.
During dynamic simulation, this software simulates resonant frequency.
Simulation of the decoupled main structure of the proposed image stabilizer
This section describes the design and simulation of the decoupling structure. Due to the complexity in simulating the entire device, the decoupling effect is simulated using a simplified framework of the XY stage, the mechanical mesh size is 15 μm at each decoupling and folded beam in the XY plane and the meshing size is 20 μm in the z-axis. The total number of element nodes is 265 080. Figure 6 shows simulation results.
Notably, non-decoupling structures are excluded. Four major decoupling springs are designed inside the main structure and combined with the hidden driving comb finger pairs. The decoupling effect of the main structure is simulated based on the following actual boundary conditions: (1) the anchors and stators are ignored since they are bonded with a substrate and do not influence simulation results; (2) the shuttle, decoupling beams and flexure beams are suspended above the substrate, such that the parts can move freely. When the simple models of the designed moving spring and a frameloaded spring are the same size as that of the image stabilizer, an obvious decoupling effect occurs in the x-and y-directions (figures 6(a) and (b)). During simulation, a specific force F y is applied in the y-direction, resulting in a 30 μm displacement in the y-direction. Simulation results indicate that a moving displacement of only 0.55 μm occurs in the x-direction. The simulated decoupling ratio of the y displacement to the x displacement indicates that the decoupling effect is excellent in the movable springs, and is significantly greater than that required for decoupling.
Simulation of resonant frequency of the proposed image stabilizer
The vibration characteristics are verified when the XY stage is under dynamic loading by performing instantaneous analysis using the finite element method (FEM) software IntelliSuite 8.2 to determine resonant frequency and model shapes of the proposed structure. In this simulation, the spring structures are completely reserved, and the weights of the XY stage and image sensor are calculated and are equivalent to those of the other structures. Equation (11) derives resonant frequency:
where k is system stiffness of the image stabilizer, M is overall weight of the image stabilizer and F resonant is the resonant frequency of the image stabilizer. The simulated resonant frequency in the first mode is 1130.1 Hz and movement is in the x-direction; that of the second mode is 1213.1 Hz with movement in the y-direction and that of the third mode is 1353.52 Hz, which rotates on the XY plane. Although the device structure is symmetrical, the resonant frequencies of the first and second modes are not the same since the shape of the image sensor attached to the image stabilizer is not symmetrical. The typical frequency of human hand jitter is in the range of 10-20 Hz [25, 26] . Thus, one must avoid operating frequencies that are close to this resonant frequency to ensure stability.
Fabrication

Processes for fabricating the structure layer and substrate holder
The structure, substrate holder and its parts are fabricated. Figure 7 shows the structure fabrication process. During structure fabrication, the structure definition, contact window opening, circuit routing and electrical isolation are completed. Fabrication begins with a 250 μm thick 1 0 0 silicon wafer. The following steps describe all the fabrication processes.
(a) During basic RCA cleaning, a thin 1 μm thick Al layer is deposited on the front and backsides of an Si wafer by dc sputtering ( figure 7(a) ). (b) During photolithography, the device structure and anchor shape are patterned on the front and backsides of the Si wafer. On the front side of the Si wafer, the photoresist layer is patterned as the device structure layer in the Al etching process. On the backside of the Si wafer, the photoresist layer is patterned as the anchor shape layer for anchor hard-mask formation during Al etching ( figure 7(b) ). (c) Via Al wet etching, Al on the front side of the Si wafer is patterned as the hard mask for the device structure during the second ICP etching process. Notably, Al on the backside of the Si wafer functions as the ICP hard mask during the first ICP etching process ( figure 7(c) ). This Al layer on the front side is reserved as the conductive layer after ICP etching. During substrate holder formation, the substrate holder is designed based on the wire bonding process. This holder is used to pass through these hollow areas to support the suspended device during the wire bonding process. Figure 8 shows the substrate holder fabrication and bonding process. Initially, Si B is prepared for substrate holder fabrication and starts with the same RCA cleaning process as that applied to Si A ( figure 8(a) ). A thin 8000Å Al layer is then deposited by dc sputtering ( figure 8(b) ), and is lithographically patterned as the hard mask for the substrate structure fabrication during ICP etching ( figure 8(c) ). Next, this Si wafer is subjected to ICP etching until it is completely punched through ( figure 8(d) ) and Al is stripped by wet etching. To achieve etching uniformity during ICP etching, 1 μm Cu is sputtered on the front and backsides of Si B to release heat during the ICP etching process ( figure 8(e) ).
The final step combines the device structure and substrate holder. This step is performed by flip-chip bonding, ICP etching and HF vapor methods. Figures 8(f )-(i) show the process of the final fabrication task. Initially, 20 μm thick polydimethylsiloxane (PDMS) is spun upon Si B by a spinning coater ( figure 8(f ) ). Next, Si A and Si B are combined by the flip-chip bonder and heated to 120
• C for 2 min ( figure 8(g) ). After the bonding process, the third ICP etching process is applied to fabricate the device structure, and is completed at the etching stop layer ( figure 8(h) ). The HF vapor etching technique is finally employed to release the device structure without any solution treatment. Device structures are released when the SiO 2 layer is etched by the HF vapor method. Additionally, the device-sticking problem is prevented during wet etching ( figure 8(i) ). Figures 9 and 10 show photographs and scanning electron microscope (SEM) micrographs of the fabricated image stabilizer. Figure 9 (a) shows an image sensor attached to the proposed image stabilizer (without the wire bonding process). Figure 9 (b) shows the entire image stabilizer. Figure 10 shows the SEM micrographs of the proposed suspended devices.
Wire bonding and device packaging
An image sensor is combined with the proposed image stabilizer using the flip-chip bonding process. Since the proposed image stabilizer is entirely suspended in midair, attaching the image sensor directly to the actuator is extremely difficult. Suspension springs of the decoupling XY stage are extremely fragile, and may break during wire bonding. To overcome this problem, a WBAH is designed to support device weight and resist bonding pressure during flip-chip and wire bonding. Figure 11 shows the flip-chip process for image sensor bonding and wire bonding packaging. The image sensor is bonded onto the proposed image stabilizer using a flip-chip bonder. First, the WBAH is attached under the proposed image stabilizer via flip-chip bonding. Due to the hollow design of the handle layer of the proposed image stabilizer, suspended structures are fully supported by the WBAH (figures 11(a) and (b)). Next, PDMS is utilized as an adhesive and via flip-chip bonding, the image sensor is attached to the image stabilizer and heat-treated at 120
• C for 10 min to ensure that the sensor and stabilizer are fully bonded ( figure 11(c) ). Following the wire bonding process and removal of the WBAH, the electrical connection between the image sensor and suspended device is completed as a special package. Figure 12 shows the packaging process captured by the flip-chip bonder monitor. Figures 12(a)-(c) show the image stabilizer combined with the WBAH. show the image stabilizer and image sensor combined using the flip-chip bonding and wire bonding processes. Figure 13 shows photographs and SEM micrographs of the packaged image stabilizer. The image stabilizer has the image sensor (figures 13(a) and (b)). Additionally, wire bonding is applied to achieve an electrical connection between the image sensor and signal output beams (figures 13(c) and (d)).
Results and discussion
The effectiveness of the 2D decoupled image stabilizer was assessed. During the static driving test, the actuator was driven by dc voltage. The actuator displacement was measured by a white light interferometer (WYKO) (figure 14). When a 51 V driving voltage was applied to the proposed device in the x-direction, the moving displacement in the x-direction was 25 μm and the displacement along the vertical yaxis was only 0.42 μm. When a 54 V driving voltage was applied to the proposed device in the y-direction, the moving displacement in the y-direction was 25 μm and the displacement along the vertical x-axis was only 0.34 μm. In the x-direction, the experimental decoupling ratio of the x displacement to the y displacement was 59.52, conforming to the system requirement that the decoupling ratio exceeds 11.1. In the y-direction, the experimental decoupling ratio of the y displacement to the x displacement was roughly 73.53, conforming to the system requirement that the decoupling ratio exceeds 11.1. Figure 15 presents displacement variation with driving voltage. In the dynamic characterization, a MEMS motion analyzer (MMA) system is set up to evaluate the resonant frequency of the proposed image stabilizer. Figure 16 plots the measurements as resonance frequency reaches 1.123 kHz. Experimental results indicate that the resonance frequency is 2.1% lower than the simulated first natural frequency of 1.123 kHz. This discrepancy is caused by the inaccuracy of the fabrication process and weight variation of the image sensor. Furthermore, the simulation model does not consider the weight of PDMS, possibly causing some difference in the simulated and actual weight.
Conclusion
This work designs, simulates and fabricates a novel integrated micro decoupling XY stage. This integrated XY stage is designed to support a three-megapixel image sensor. Based on the design of the WBAH, the image sensor can be successfully bonded to the image stabilizer. Additionally, electrical signals of the image sensor can be connected and integrated with the output circuits based on the signal spring design. This image stabilizer can be utilized by commercially available cell phone cameras to provide an anti-shaking function. The proposed device is primarily composed of a silicon-based XY stage, a comb actuator, which is fabricated and packaged via three ICP etching processes, the flip-chip bonding technique and a unique wire bonding method. Experimental results demonstrate that a driving voltage of 51 V can cause a displacement of 25 μm in the driving direction and a displacement of 0.42 μm in the vertical direction, both of which are consistent with the anti-shaking goal. Similar experimental results apply to the perpendicular direction because of the symmetrical design of the proposed structure. The difference between simulation and experimental results is caused by the undercutting of comb fingers that occurs during the ICP etching process and by neglecting the weight of the small amount of PDMS. The natural frequency of the proposed XY stage is measured at 1.123 kHz using the MMA system.
